Silver nanoparticles were synthesised by a chemical reduction process in order to produce an aqueous colloidal dispersion. The resulting colloids were then characterised by a combination of UV-Vis spectroscopy, dynamic light scattering, X-Ray diffraction and transmission electron microscopy and the nanoparticles were found to have an average diameter of 20-22nm. The Ag/polymer nanocomposites were then applied to platinum interdigital electrodes as sensor coatings and the capability of the resulting sensor as a humidity detector investigated. With the application of 1V, a current developed which was found to be directly proportional to humidity levels. The sensor gives a reversible, selective and rapid response which is proportional to levels of humidity within the range of 10% RH to 60% RH. An investigation into the mechanism of the sensor's response was conducted and the response was found to correlate well with a second order Langmuir adsorption model.
Introduction
Relative Humidity (RH) detection and its control are important in a wide range of industrial applications including the pharmaceutical, food and electronics industries.
The close monitoring of RH during processes can help maintain product quality and can also be necessary during transport of materials [1] [2] [3] . Some humidity sensors have been developed based on a reversible interaction between a polymer and water vapour, hence acting as a gas sensor [4] [5] . Existing humidity sensing methodologies also rely upon optical, gravimetric, capacitive, resistive, piezoresistive, and magnetoelastic properties of selected materials [6] .
Nanomaterials were found to have significant roles in a diverse range of analytical methods particularly in sensing applications [7] [8] [9] [10] [11] . The increased interest in nanomaterials, especially metallic nanostructures, may be attributed to the often novel physical and chemical properties these nanoparticles display when compared to their bulk counterparts [10, 12] . Previously, polymers have been widely utilized in a wide range of sensing devices with definite roles, either in the sensing mechanism or through immobilizing the species responsible for sensing of the analyte component. This is possible as polymers may be tailored for particular properties [13, 14] , are easily processed, and may be selected to be inert in the environment containing the analyte.
Coupling nanoparticles with specific polymers to form nanocomposites has been shown to be very effective in producing highly selective and sensitive gas sensors [15] [16] [17] [18] .
RH is generally measured and controlled by meters that detect change in a physical property of a thin film, such as capacitance, resistivity, or thermal conductivity. Often these control systems are relatively complex and expensive [19] . In this work the sensor is based on a polyvinyl alcohol (PVA) silver nanoparticle composite cast on an interdigital electrode array. On application of a constant potential (1V), a current develops which is proportional to levels of humidity from 10% to 60%. The response is reversible and fast at room temperature and it displays a high selectivity.
The intention of this work was to prepare and characterise a Ag/polymer nanocomposites and then investigate the composite materials performance as a sensor (with emphasis on the materials efficacy as a humidity sensor) when coated on an interdigital electrode array. [20] .
Experimental
The experimental process in this study comprised of a number of distinct steps. Firstly the preparation and characterisation of the nanocomposite colloids was performed, followed by the optimisation of this preparation method. The Ag/polymer nanocomposite was cast on an interdigital array for use as a humidity sensor.
Initially silver nanoparticles were synthesised by a chemical reduction of AgNO 3 by NaBH 4 in an aqueous media [21] [22] [23] with PVA utilised as the capping (stabilising) agent.
The role of PVA as a successful capping agent is well documented [24] [25] [26] [27] . It was also observed that without the presence of the PVA, the stability of the colloids was drastically reduced with metallic silver formed due to aggregation of nanoparticles.
PVA has been widely used for polymer nanocomposites due to its water solubility making the preparation virtually non-toxic [28] In this study the silver polymer content ratio was maintained at 1 mole of silver to every 1 mole of the PVA monomer .
It was necessary to optimise the preparation method as the ratio between Ag + and BH 4 in the literature seemed to be unclear and usually BH 4 was added in great excess [24] [25] [26] [27] [28] . There is a competing reduction of water by BH 4 and it was felt useful to determine the stoichiometry of the reaction; Job's method was used for this purpose.
The sensor coatings were produced by casting the colloid Ag/polymer composites on platinum interdigital electrodes (CC2.W2), or graphite interdigital electrodes (CC1.W4), which were purchased from BVT Technologies and used as received All experiments were conducted at room temperature (20 ± 2 o C) and N 2 (Oxygen Free 99.998%, BOC Gases) was used as the reference gas. These vapour streams were produced by bubbling dry N 2 gas using a bubbler apparatus, as shown in Figure 2 . 
Results and discussion
Colloid characterisation.
UV-Vis analysis.
The absorption spectrum of the colloid, shown in Figure 3 , indicates the production of the nanoparticles where the presence of a plasmon absorption band at ~ 400 nm is characteristic of silver nanoparticles [30] .
Such plasmon bands are a result of the unique physical properties of the nanoparticles themselves. When an external electro-magnetic field such as light is applied to a metal, the conduction electrons move collectively so as to screen the perturbed charge distribution in what is known as plasma oscillation. The Surface Plasmon Resonance (SPR) is therefore a collective excitation mode of the plasma localized near the metal surface. In the case of a metal nanoparticle, the surface plasmon mode is 'restricted' due to the small dimensions to which the electrons are confined, i.e. the surface plasmon mode must conform to the boundaries of the dimensions of the nanoparticle [27] . Therefore the resonance frequency of the surface plasmon oscillation of the metal nanoparticle is different from the plasma frequency of the bulk metal. Surface interactions can alter the optical properties and influence the spectral profile of the light scattered by the SPR of the metal nanoparticles. This feature can be employed as an indicator in sensing interactions. Among the metal nanoparticles known to exhibit SPR, silver nanoparticles have an especially strong SPR. Particle size may be determined using Mie theory which solves Maxwell's equations [32] which in turn describe the extinction spectra (extinction = scattering + absorption) of spherical particles of arbitrary size. The spectrum illustrated in Figure 3 displays the characteristic SPR of silver nanoparticles, commonly seen in the literature [31, 33, 34] .
Jobs Method.
The stoichiometric ratio of Ag + to BH 4 in the PVA stabilised colloids was determined using Jobs method [35] . A series of solutions was prepared, each containing the same total number of moles of Ag + and BH 4 -, but utilising different ratios. The solution with the maximum amount of product, (nanoparticles) yields the stoichiometric ratio [31] . The maximum absorbance at 400nm for the range of solutions prepared was observed in the solution which corresponded to a ratio of 1:1 for Ag + and BH 4 -.
Therefore the overall equation resulting in the production of silver nanoparticles is therefore proposed to be.
AgNO 3 + NaBH 4 → Ag 0 + ½ H 2 + ½ B 2 H 6 + NaNO 3 (1)
Dynamic light scattering, DLS. Figure 4 , confirmed the production of particles ranging in size between about 8nm -38nm, with an average diameter of 21-22nm.
DLS, shown in
Size analysis by DLS utilises the Brownian motion that particles, emulsions and molecules in suspension undergo as a result of bombardment by solvent molecules. If the particles are illuminated with a laser, the intensity of the scattered light fluctuates at a rate that is dependent upon the size of the particles as smaller particles are "hit" more frequently by the solvent molecules and move more rapidly. Analysis of these intensity fluctuations yields the velocity of the Brownian motion and hence the particle size using the Stokes-Einstein relationship [36] .
D = k B T / 6πηr (2)
Where D is the diffusion constant (m 2 s -1 ), k B is Boltzmann's constant (JK -1 ), T is the absolute temperature (K), η is the viscosity of the solvent (kgm -1 s -1 ) and r is the particle radius (m).
Transmission electron microscopy.
Using TEM, an image of the nanoparticles, ( Figure 5 ) was obtained arising from the interaction of the coating and the beam of electrons transmitted through the coating.
Before analysis, the colloidal sample (prepared in the same manner as diameter of the nanoparticles was determined to be in the range of 21 -22 nm, using
ImageJ software [37] which is in agreement with the DLS result. [38 -41] , figure 6 , indicating that the silver nanoparticles within the coating are crystalline. It should be noted that the peak at ~ Figure 6 . XRD pattern recorded from a drop-coated film of Ag/polymer nanocomposite on glass substrate.
X-Ray

Humidity measurements.
A clear response was observed when the coated substrates were exposed to water vapour. This response was found to be both rapid and repeatable over time. Figure 7 shows the sensor's response to repeated exposures at regular time intervals; the response is immediate, with a relatively consistent maximum peak height, with a total response time (despite a slight lag in the decay of the response signal) observed of 5 -10 seconds.
Early results indicated that the coatings possessed a relatively good selectivity as a humidity detector. Vapour streams were produced by bubbling N 2 through the appropriate solvent contained in an insulated Dreschel flask, (Figure 2 ), in order to maintain a constant temperature and thus vapour pressure/concentration. A clear response for water vapour was observed with no obvious response for other non-polar vapours such as cyclohexane, as shown in Figures 8 and 9 and summarised in Table 1 .
It can be seen from Figures 8 and 9 and Table 1 that there is a dramatic difference in response between water and a quite polar vapour, methanol. On magnification of the response (Figure 9 ) there is a small peak due to methanol and acetonitrile. However, these peaks are significantly smaller than those that would have been expected on the basis of their dielectric constants.
An investigation was conducted by placing the coated interdigital electrode in a precisely controlled environment chamber with a humidity control system. Here the sensor's response to increasing % RH at a constant temperature of 21.3 ± 0.1 o C was found to be constant and relatively linear over the 10-60% RH range. Before each measurement, the sensor was 'powered off' i.e. no voltage was applied across it and the environment set to the % RH of interest. Before each reading, the environment was allowed to equilibrate for 30 mins. Figure 10 shows the steady state response obtained in this analysis. In this case, the humidity levels being measured were already constant before 'sensing' occurred, resulting in a response with none of the ramping up or down seen previously in Figures 7 and 8 where the amount of water vapour was altered during the measurement. sensing membrane was repeatedly exposed to water vapour at regular time intervals.
(1mV=1µA) Figure 8 . Sensor's response to exposure to various solvent vapours, summarised in Table 1 . Exposure was conducted using the bubbler apparatus, where the streams passing over the sensing membrane were 'switched' from the reference gas to either the test solvent (T.S.) or water vapour as indicated. Typical results for repeated exposures of the same film (exposed repeatedly to set % RH humidities in the 10 -60 % RH range) are summarised in Figure 11 . It is thought Figure 11 were plotted; the resulting line would be relatively linear. However it would produce a positive intercept, as prior analysis indicated that at 0 % RH, no response occurred the sensor's response was modelled with a Langmuir adsorption equation [38] , both first and second order, eqn (3) and (4) respectively. The second order model was observed to be the best fit as indicated in Figure 11 by the broken lines.
S = S/Ss (K b C/ (1+ K b C))
S = S/Ss (Kb√
Where the fit parameters K b and S S are the binding constant and the relative signal at saturation and C is the relative the % RH [44] .
In Figure 12 , the responses of four different sensing layers at incremental levels of humidity at the 100 second measurement time are compared graphically.
It should be noted that variations were observed for different sensors (same coating on similar substrates). This variation may be attributed to the composition of the sensing layer in each case, particularly in terms of the coatings thickness. Preliminary results with the Reichert-Jung optical microscope indicated that the coatings ranged from 10µm -15µm. As the sensing layer conductivity increases with greater analyte levels and since the film contains ions, the observed response was initially thought to be due to ionic movement. In order to determine the role of silver nanoparticles (if any), a similar composite of the same ionic strength was prepared (using NaNO 3 instead of AgNO 3 ) which yielded no response to any of the analytes investigated under the same experimental conditions. This suggests that the suspected migration of anions in the composite on exposure to water vapour is not the sole sensing mechanism. However, layer thickness is not yet well defined using the drop casting process resulting in a significant variation in coating thickness which can be assumed to have an impact on the reproducibility of the sensitivity for each layer as seen in Figure 11 , thus more work is required to optimise the thickness of the coating.
Cyclic Voltammetry
The cyclic-voltammetry study of the cast film on the interdigits, (2 electrode system), indicated that the sensor coating appears to act as a background electrolyte in the presence of water vapour. No sensor response (i.e. current) was observed when the coating was exposed in the N 2 vapour stream. However while the film displays a clear electrochemical response in a higher humidity environment, (where there was an anodic peak that was attributed to Ag oxidation and a cathodic peak corresponding to Ag + reduction.) in the resulting voltammograms, both the silver nanoparticles and the ions within the coating appear to have an active role in the sensor's mechanism.
Analysis of a typical voltammogram indicated that approximately 6x10 -10 mols of silver within the coating undergoes oxidation and reduction; a fraction (~1/10,000) of the molar silver content of the cast nanocomposite coating. This may explain why, although the sensors observed response appears to be migration controlled, no drop off of the steady state signal is observed during prolonged periods of exposure.
Electrochemical Impedance Spectroscopy, EIS.
Impedance measurements were carried out over the frequency range of 1 Hz - and calcium nitrate 55% [45] . For each humidity level before the response was measured the sensor was placed in the relevant sealed container and left overnight to equilibrate. All measurements were carried out at a constant temperature of 20 ± 2 o C. Table 2 . Summary of sensor's modelled response during EIS at different %RH levels.
Sensing mechanism.
The precise mechanism of the process is still unclear, although the necessity of silver nanoparticles within the sensor was confirmed by comparing the response of a coating with no silver but of the same ionic strength. This was achieved by the replacement of AgNO 3 with NaNO 3 in the coating synthesis. The coating containing no silver showed no response to changing humidity levels. One possible mechanism could be a form of ionic migration with the introduction of water vapour during exposure hydrating the electrolyte (a result of synthesis process) thereby enabling the movement of ions surrounding each nanoparticle, with the nanoparticles acting like a scaffold along which the current may flow. As the silver nanoparticles were found to have a negative zeta potential in solution, should they maintain a double layer in the cast film, exposure of the film to water vapour could allow hydration of ions enhancing their mobility allowing the movement of ions from one nanoparticles double layer to the next.
Conclusions
Silver-polyvinyl alcohol colloidal dispersions were successfully prepared by the reduction of aqueous AgNO 3 with NaBH 4 using PVA as a capping agent. The stoichiometric molar ratio of AgNO 3 :NaBH 4 was determined as 1:1. The effect of temperature on the preparation process was observed to be important with lower temperatures (< 4 o C) resulting in the production of colloids with greater nanoparticle content. Preparation of the colloids at low temperatures also had a positive effect with the reduction of the particle size range in the colloids, which was verified by UV-Vis spectroscopy and Dynamic Light Scattering. DLS analysis determined the particle size range to be 8nm -38nm (with an average of 21-22 nm) in the colloids, which correlated well with the findings of TEM analysis where silver nanoparticles were observed to have an average size of 22nm. The nanoparticle composite when cast on an interdigital electrode array and on application of a constant potential was observed to produce a current, which was proportional to levels of humidity from 10% RH to 60% RH. The sensor gave a reversible rapid response at standard temperature and pressure. The steady state response was selective and increased with increasing levels of humidity.
